To evaluate the chemopreventive effect of nitric oxidedonating aspirin (NO-ASA), an ASA bearing a NO-releasing moiety, against pancreatic cancer, we studied six groups of female Syrian golden hamsters: groups 1 to 3 (n = 12 each) were given saline and groups 4 to 6 (n = 17) the carcinogen N-nitrosobis(2-oxopropyl)amine (BOP) s.c. in five weekly injections (the first, 70 mg/kg, and the remaining, 20 mg/kg each). Control and BOP-treated hamsters were fed a NO-ASA 3,000 ppm or conventional ASA 3,000 ppm or control diet for 19 weeks. Groups 1 to 3 had no tumors. Compared with the BOP/vehicle group, NO-ASA reduced the incidence (88.9%, P < 0.003) and multiplicity (94%, P < 0.05) of pancreatic cancer; ASA had no statistically significant effect. NO-ASA arrested the transition from PanIN2 to PanIN3 and carcinoma. The proliferation (proliferating cell nuclear antigen) / apoptosis (terminal deoxyribonucleotide transferase-mediated nick-end labeling) ratio of ductal cells increased with the histologic severity of the ductal lesion; NO-ASA suppressed it significantly during all stages except PanIN1A. p21 WAF1/CIP1 , undetectable in normal cells, was progressively induced in neoplastic cells and suppressed by NO-ASA up to PanIN3. Nuclear factor-KB activation, absent in normal tissue, increased progressively (17-fold in cancer); NO-ASA suppressed it throughout and significantly in PanIN1B and PanIN2. Cyclooxygenase-2 expression, absent during early stages, was induced 6-fold in carcinoma and suppressed by NO-ASA in PanIN3 and carcinoma. Conventional ASA had no effect on these molecular markers. Thus, NO-ASA profoundly prevented pancreatic cancer and modulated multiple molecular targets in this model system; conventional ASA had no such effects. NO-ASA merits further evaluation as a chemopreventive agent against pancreatic cancer. (Cancer Res 2006; 66(8): 4503-11) 
Introduction
More than 29,000 Americans are diagnosed annually with pancreatic cancer, the fourth leading cause of cancer deaths in the United States (1) . Early diagnosis is difficult and by the time the disease is recognized clinically, it is usually too late to help the patient significantly. The magnitude of the clinical problem and its special features, which include diagnosis at far-advanced stages and the disappointing performance of current treatments, indicate that efforts should be directed at the prevention of this devastating disease.
Extensive work has made it clear that nonsteroidal antiinflammatory drugs (NSAID) can significantly affect the development of several types of cancer. Cell culture and animal studies indicate that NSAIDs, including sulindac and indomethacin, inhibit pancreatic carcinogenesis (2) (3) (4) . The epidemiologic evidence, however, on whether NSAID use affects the incidence of pancreatic cancer has been conflicting (5) (6) (7) (8) (9) , with all possible outcomes (decreased, not changed, and increased risk) having been reported. As pointed out by Baron (10) in a recent editorial, in general the observed changes are only modest and the increased risk of one study (9) may reflect use of aspirin (ASA) in response to pancreatic cancer symptoms rather than vice versa. The discrepancy between epidemiologic studies and preclinical data could reflect the possibility that, unlike the situation in animals, NSAIDs may lack the potency to prevent pancreatic cancer in humans.
The clinical usefulness of NSAIDs combined with their potentially life-threatening toxicity has prompted intense efforts to improve their safety profile; NO-donating NSAIDs (NO-NSAID) represent such an approach (reviewed in ref. 11) . NO-ASA, the most promising among them ( Fig. 1) , may evolve into a major chemopreventive agent based on the evidence for its superior efficacy and on its safety profile, which, albeit not extensively studied, seems excellent (11, 12) . The exact mechanism of action of NO-ASA is not yet clearly understood (reviewed in ref. 11 ). Nevertheless, aspects of its mechanism of action pertinent to cancer include modulation of Wnt, mitogen-activated protein kinase, and nitric oxide synthase signaling, induction of phase II enzymes, and induction of oxidative stress that leads to cell death (13) (14) (15) (16) (17) . Our previous work showed that in a cell culture system, NO-ASA was 700-fold more potent than conventional ASA in inhibiting the growth of human pancreatic cancer cells; this was the result of its antiproliferative and proapoptotic effects (18) .
Based on these considerations, we evaluated the chemopreventive effect of NO-ASA against pancreatic cancer. We used the Syrian golden hamster model, which recapitulates many morphologic and molecular features of the human disease. In this model, pancreatic tumors develop following the administration of carcinogens, commonly a nitrosamine like N-nitrosobis(2-oxopropyl)amine (BOP), one of the few carcinogens that causes pancreatic neoplasia in rodents (19, 20) . The tumors are ductal, fast growing, and have K-ras mutations and p53 changes; metastases are common; and the animals are often jaundiced and cachectic. Here, we report our findings, which show that NO-ASA is a potent chemopreventive agent against pancreatic cancer in this animal tumor model, modulating, in the process, cell kinetics and a number of potentially relevant signaling pathways.
Materials and Methods
Animals and experimental design. Eighty-seven female Syrian golden hamsters (Charles River Laboratory, Kingston, NY), 5 weeks old with an initial average body weight of 70 g, were divided into six groups: groups 1 to 3, each consisting of 12 hamsters, were given saline as control; and groups 4 to 6, each consisting of 17 hamsters, were given carcinogen. The experimental design is shown diagrammatically in Fig. 1 . Animals were housed two per plastic cage with sawdust bedding and kept under standard laboratory conditions (room temperature, 22 F 2jC; relative humidity, 50 F 5%; light/dark cycle 12/12 hours). All animals had access to pelleted diet (Dyets, Inc., Bethlehem, PA) and tap water ad libitum. After 1 week of acclimation, animals were placed on control, NO-ASA (NCX 4016) 3,000 ppm, or conventional aspirin (ASA) 3,000 ppm diets (made by Dyets), which were stored at 4jC until used. One week later, animals received the carcinogen BOP s.c. in 5 weekly injections, with the first dose being 70 mg/kg body weight and the remaining four 20 mg/kg each (21) . Hamsters were observed daily and weighed once every 4 weeks. At the end of week 19, all surviving hamsters were euthanized.
Histologic examination. At necropsy, all organs of the thoracic and abdominal cavities were carefully examined in situ grossly. The three lobes of the pancreas with a short segment of the attached duodenum were resected (Fig. 1C) . One third of one pancreatic lobe was snap-frozen in liquid nitrogen and the remaining pancreas was fixed in 10% phosphatebuffered formalin for 16 hours. The formalin-fixed pancreas was cut into small pieces at f2 cm intervals and after dehydration each piece was embedded individually in paraffin blocks maintaining the same vertical orientation as in the intact organ. Four-micrometer-thick sections were processed routinely and stained with H&E. Two independent pathologists blinded to sample identity evaluated the sections of the pancreas and scored them according to the PanIN criteria, which include the following categories: normal, PanIN1A, PanIN1B, PanIN2, PanIN3, and carcinoma (22) . Each sample was also scored based on the highest lesion found. Cancer incidence (presence or absence of pancreatic cancer in a hamster) and multiplicity (number of pancreatic cancers per hamster) were calculated based on these scores.
Immunohistochemistry. Two further sections of each pancreatic sample were placed side by side on a microscope slide, with one of them used as negative control. Paraffin-embedded sections were deparaffinized, rehydrated, and microwave heated for 15 minutes in 0.01 mol/L citrate buffer (pH 6.0) for antigen retrieval. Then, 3% hydrogen peroxide was applied to block endogenous peroxidase activity. After 15 minutes of blocking with horse serum, the primary antibody or control IgG were applied and incubated overnight at 4jC. Slides were washed thrice with PBS, each for 5 minutes. The biotinylated secondary antibody and the streptavidin-biotin complex (Vector Laboratories, Burlingame, CA) were applied, each for 30 minutes at room temperature with an interval washing. After rinsing with PBS, the slides were immersed for 5 minutes in the coloring substrate 3,3V -diaminobenzidine (DAB, Sigma) 0.4 mg/mL with 0.003% hydrogen peroxide, then rinsed with distilled water, counterstained with hematoxylin, dehydrated, and coverslipped. Antibodies used are as follows: proliferating cell nuclear antigen (PCNA; Santa Cruz Biotechnology, Santa Cruz, CA), cyclooxygenase-2 (COX-2; Cayman Chemical, Ann Arbor, MI), nuclear factor-nB (NF-nB) p65 (which recognizes activated NF-nB; Chemicon International, Temecula, CA), and p21 WAF1/CIP1 (PharMingen, San Diego, CA).
Terminal deoxyribonucleotide transferase-mediated nick-end labeling staining. Terminal deoxyribonucleotide transferase-mediated nick-end labeling (TUNEL) staining was done using the In situ Cell Death Detection kit (Roche Applied Science, Indianapolis, IN) following the instructions of the manufacturer. Briefly, 4-Am-thick formalin-fixed, paraffin-embedded tissue sections were deparaffinized and rehydrated. Endogenous peroxidase activity was quenched by hydrogen peroxide and tissue protein was hydrolyzed with proteinase K. Positive control are sections treated with DNase I 1,000 units/mL. Negative control are sections incubated with label solution (without terminal deoxynucleotidyl transferase enzyme). All other sections were incubated with TUNEL reaction mixture ( fluorescein-labeled nucleotides) at 37jC for 1 hour in a humid chamber, incubated with converter-POD solution (antifluorescein antibody conjugated with POD) for 30 minutes at 37jC, treated with DAB, and counterstained with hematoxylin.
Scoring the expression of biomarkers. For each animal, z5 ducts per histologic type of PanIN ductal lesion (or z10 fields for carcinomas) were scored independently by two experienced investigators not aware of the identity of the specimens (Â400). For PCNA, TUNEL, and p21 WAF1/CIP1 staining, cells with a brown nucleus were considered labeled and those with a blue nucleus unlabeled. For each, we calculated the percentage of positive cells over the total cells counted. For NF-nB and COX-2, we used the following semiquantitative scoring system. The extent of staining was graded as follows: 0, no staining; 1+, V25% of cells positive; 2+, 26% to 50% of cells positive; 3+, z51% of cells positive. The intensity of staining was scored as follows: 0, no staining; 1+, faint; 2+, moderate; 3+, strong. 1+, 2+, and 3+ were recorded as 1, 2, and 3 points, respectively. To compare differences in staining, an expression index (EI) was calculated by the following formula: EI = extent of staining Â intensity of staining.
Statistical analysis. Data are expressed as mean F SE and analyzed with ANOVA. P V 0.05 was considered statistically significant.
Results
NO-ASA markedly inhibits BOP-induced pancreatic carcinogenesis. During the period of observation, the body weights of hamsters did not differ significantly between the study groups at any time point (data not shown). Their survival rate was 100% in saline/vehicle and saline/ASA groups and between 83.3% and 94.4% in the remaining groups; these differences were not statistically significant.
All carcinogen-induced tumors originated from the pancreatic ducts; none were from acinar cells. The largest tumor in size was 2 Â 3 mm. All malignant tumors were ductal adenocarcinomas ( Fig. 1) . Macroscopically, six animals had changes suggestive of liver metastases. On histologic examination, however, only one was a metastatic lesion from the pancreas, the rest representing inflammatory changes. This animal belonged to the BOP/NO-ASA group. All pancreata from carcinogen-treated hamsters showed morphologic changes in the ductal epithelium. Similar to human pancreatic carcinogenesis, neoplastic changes occurred at multiple sites and various PanIN lesions were observed in the same pancreatic section; each pancreas was scored based on the highest lesion observed. Table 1 shows the incidence and multiplicity of pancreatic cancer in the various groups of animals. Compared with the BOP/vehicle group, NO-ASA dramatically reduced both the incidence (88.9%, P < 0.003) and multiplicity (94%, P < 0.05) of pancreatic cancer. The corresponding changes (22.7% and 29% reductions) induced by ASA were not significantly different.
The histologic findings in the six study groups are summarized in Fig. 2 and Table 1 . All animals in the three groups of hamsters that did not receive the carcinogen had histologically normal pancreata without any evidence of neoplastic lesions. In contrast, the three groups of the carcinogen-treated animals showed varying degrees of ductal neoplastic changes. All animals from the BOP/ vehicle group had abnormal histology at PanIN1B or higher. In fact, the majority of them displayed advanced lesions: two thirds had either fully developed carcinoma or carcinoma in situ with only one third showing lesions of intermediate severity (PanIN1B and PanIN2). The animals of the BOP/ASA group displayed lesions across all stages of neoplasia. Although ASA-treated animals had more lower-grade and fewer higher-grade lesions compared with BOP/vehicle controls, these differences did not reach statistical significance. The BOP/NO-ASA group showed a different distribution of pancreatic lesions. Only one animal (5.9%) showed a fully developed carcinoma, which was significantly different from the corresponding values for the BOP/vehicle (P < 0.003) and the BOP/ ASA (P < 0.02) groups. For the remaining of the lesions, there was a clear trend for this group to have more lower-grade lesions than the BOP/vehicle, but these differences were not statistically significant. If carcinoma in situ (intraductal carcinoma, PanIN3) and invasive ductal carcinoma are combined, their frequency in BOP/NO-ASA-treated animals is less than one third of that in the BOP/vehicle group (17.6% versus 66.7%, P < 0.01). ASA failed to have such an effect (47.1% versus 66.7%, P > 0.45).
These results make it clear that NO-ASA arrested the process of carcinogenesis in its transition from PanIN2 to PanIN3 (and carcinoma), i.e., it affected the transition from benign to malignant.
Of note, although NO-ASA had a dramatic effect on the formation of cancer, it had no effect on the lower-grade lesions, failing to completely protect even a single animal from the neoplastic (nonmalignant) effect of the carcinogen.
NO-ASA inhibits proliferation and induces apoptosis of ductal epithelial cells. To evaluate the mechanism by which NO-ASA exerts its profound chemopreventive effect against pancreatic cancer, we examined whether it modulates the cell kinetics of pancreatic ducts, the tissue of origin of this cancer. Thus, we monitored immunohistochemically both proliferation and apoptosis by assaying the fraction of ductal cells that expressed PCNA or were TUNEL positive, respectively. To assess the relative contribution to tissue homeostasis of these two antithetic processes, we calculated the ratio of proliferation and apoptosis for each pancreatic lesion that we studied.
As shown in Fig. 3 , in control hamsters, the proliferation/ apoptosis ratio increases progressively with the histologic severity of the ductal lesion, going from 18.17 F 2.71 (mean F SE, for this and all subsequent values) in PanIN1A to 28.31 F 2.54 in carcinoma. This reveals a progressive suppression of apoptosis relative to proliferation (or vice versa). Of note, when we examined proliferation and apoptosis individually, there was a trend toward decreased proliferation and increased apoptosis but these changes were not statistically significant, perhaps reflecting the sample size and/or the magnitude of each effect alone. *Statistically significant reduction compared with vehicle (P = 0.003) or ASA (P = 0.015); no significant difference between ASA and vehicle groups. cStatistically significant reduction compared with vehicle (P < 0.05). Figure 2 . Pancreas histology in the study groups. The formalin-fixed pancreas was cut at f2 cm intervals and tissue sections stained with H&E were evaluated using the PanIN criteria. Each pancreas was scored based on the highest lesion observed. Columns, numbers of animals in each histologic category.
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www.aacrjournals.org ASA-treated animals show an essentially identical pattern of progression of these values, with their small differences being statistically not significant. In contrast, the NO-ASA-treated hamsters display a dramatic reversal of this trend. Compared with BOP/vehicle, NO-ASA suppressed this ratio at all stages of carcinogenesis, although the reduction at PanIN1A (7.8%, compared with control) was not statistically significant. The ratio decreased significantly starting at the PanIN1B stage (65% decrease compared with control; P < 0.0001). A similar change was noted at the PanIN2 stage (69.5% decrease; P < 0.0001). Interestingly, however, the effect of NO-ASA on this ratio weakened somewhat at the subsequent two stages, PanIN3 (29% decrease; P < 0.01) and carcinoma (36.4% decrease; P < 0.006). Given that in cultured pancreatic cells, the dominant cell kinetic effect of NO-ASA was the induction of apoptosis (18), we can surmise that these changes in the proliferation/apoptosis ratio reflect a robust induction of apoptosis by NO-ASA. ASA had no significant effect on this ratio.
NO-ASA suppresses the expression of p21
. To gain further understanding of the cell kinetic effect of NO-ASA on pancreatic ductal epithelial cells, we examined its effect on p21 WAF1/CIP1 , which belongs to the Cip/Kip family of cyclindependent kinase (Cdk) inhibitors. Expression of p21 WAF1/CIP1 is induced by mitogenic stimulation and also by the tumor suppressor protein p53. In addition to inhibiting cell cycle progression by binding to Cdk/cyclin complexes, p21 WAF1/CIP1 may directly inhibit DNA synthesis by interacting with PCNA, a subunit of DNA polymerase y (reviewed in ref. 23 ).
Normal ductal epithelial cells did not express detectable p21 WAF1/CIP1 . However, neoplastic epithelial cells of all stages, from PanIN1A to carcinoma, stained positive for p21 WAF1/CIP1 (Fig. 4) . Interestingly, as depicted in Fig. 4E and F, the positive cells are principally the ''active'' cells, whereas the ''quiet'' cells near the invasive cells are negative for p21 WAF1/CIP1 expression. NO-ASA markedly decreased p21 WAF1/CIP1 expression during the early stages (PanIN1A to PanIN2) of carcinogenesis by 70% to 90% compared with control (P < 0.002-0.0008); this decrease became much smaller and statistically not significant in PanIN3 and carcinoma (23% and 12%, respectively, compared with control). ASA failed to significantly change the expression of p21 WAF1/CIP1 . NO-ASA suppresses the activation of NF-KB during the early stages of pancreatic carcinogenesis. NF-nB plays an important role in carcinogenesis, providing, among others, an important conceptual link to inflammation (24) . Several studies indicate that dysregulation of NF-nB may be a pivotal event in pancreatic carcinogenesis (reviewed in ref. 25) . Consequently, we assessed the activation of NF-nB using an antibody that recognizes the part of the p65 NF-nB subunit that is attached to InB. Such attachment sequesters NF-nB in the cytoplasm.
Ductal pancreatic cells from animals not exposed to carcinogen had no detectable NF-nB activation. Activated NF-nB was detected in both the cytoplasm and the nuclei of ductal epithelial cells and Figure 3 . Effect of NO-ASA on proliferation and apoptosis during pancreatic carcinogenesis. A to C, PCNA immunohistochemical staining. D to F (corresponding serial sections of A-C ), TUNEL staining for apoptotic cells in pancreatic tissues. The percentage of proliferating and apoptotic cells was determined as in Materials and Methods, and from these values, the proliferation/ apoptosis ratio was calculated for each stage of pancreatic neoplasia and plotted in (G). All differences between BOP/vehicle and BOP/NO-ASA are statistically significant (P < 0.0001-0.01, except for PanIN1A). All differences between BOP/ ASA and BOP/NO-ASA are statistically significant (P < 0.0001-0.02, except for PanIN1A and carcinoma). The differences between BOP/vehicle and BOP/ASA are not statistically significant (P > 0.38).
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Cancer Res 2006; 66: (8) . April 15, 2006 tumor cells (Fig. 5) . Such activation became apparent at the earliest stage of pancreatic carcinogenesis and increased progressively, becoming maximal at the carcinoma stage (17-fold over the level noted in PanIN1A). Compared with BOP/vehicle controls, NO-ASA inhibited this process during all stages of carcinogenesis (15.9-68.7% reduction). At PanIN1A, this reduction (46.5%) did not reach statistical significance, becoming, however, significant during PanIN1B (69%, P < 0.0001) and PanIN2 (68.7%, P < 0.002). In the last two stages, PanIN3 and carcinoma, this effect dissipated and the modest reduction of NF-nB activation by NO-ASA was not statistically significant (15.9% and 19.8%, respectively). In contrast, ASA failed to affect the activation of NF-nB to a statistically significant degree during all stages of carcinogenesis.
NO-ASA suppresses COX-2 expression in high-grade lesions. Overexpression of COX-2, initially described in colon cancer, has been the feature of many animal and human cancers, including pancreatic cancer (reviewed in ref. 26 ). Various reports have indicated that both conventional NSAIDs (e.g., ref. 4) and COX-2-specific inhibitors (27) prevent the development of pancreatic cancer. Thus, we examined the effect of NO-ASA on the expression of COX-2 during pancreatic carcinogenesis in these hamsters.
Hamsters that received no carcinogen showed no detectable expression of COX-2 in the pancreatic ducts (Fig. 6 ) or even in acinar cells (data not shown). Similarly, in BOP-treated animals, COX-2 was undetectable in PanIN1A and weakly so in PanIN1B ducts. Following that, there was a progressive increase in its expression becoming maximal at the carcinoma lesion (6-fold over that of the PanIN1B stage). Of note, the expression of COX-2 even in adenocarcinomas was not uniform, with only a fraction of the tumor cells staining positive.
NO-ASA inhibited COX-2 expression significantly only at the two most advanced stages, PanIN3 (49% reduction compared with control, P < 0.007) and carcinoma (57% reduction, P < 0.009). In PanIN1B and PanIN2, the differences between NO-ASA-treated and control groups were not statistically significant. ASA had a marginal inhibitory effect on COX-2 expression, the differences never reaching statistical significance (P > 0.52).
Discussion
Our findings document the profound chemopreventive effect of NO-ASA against pancreatic cancer. In addition, they show that conventional ASA failed to prevent pancreatic cancer and also provide an insight into the mechanism by which NO-ASA prevents pancreatic cancer in this animal model.
There are only a few models to study pancreatic cancer, some of them having been reported only recently (20, 28) . Although no animal model of cancer can reflect all the features of its human counterpart, the Syrian golden hamster model that was used in this study captures many significant features of human pancreatic WAF1/CIP1 positive (E and F ), in contrast to the neighboring ''normal'' or ''quiet'' cells, which are mostly negative. The expression of p21 WAF1/CIP1 was scored as in Materials and Methods and graphed. Columns, mean; bars, SE. All differences between BOP/vehicle and BOP/NO-ASA are statistically significant (P < 0.0001-0.01, except for PanIN13 and carcinoma). The differences between BOP/ vehicle and BOP/ASA are not statistically significant (P > 0.6).
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www.aacrjournals.org cancer. They include aspects of its histology (ductal tumors), molecular biology (K-ras mutations and p53 changes), and tumor biology (rapid growth and metastases). Thus, our findings can be considered of relevance to human pancreatic cancer, keeping of course in mind the limitations of such an extrapolation.
Both tumor incidence and multiplicity were profoundly suppressed by NO-ASA, being 90% and 94% lower than control, respectively. In contrast, the effect of conventional ASA was very weak, achieving no statistical significance (23% and 29%, respectively). The effect of NO-ASA is the strongest chemopreventive effect against pancreatic cancer reported to date. Nimesulide, a COX-2 inhibitor, reduced both the incidence and multiplicity of pancreatic cancer in golden Syrian hamsters using the same carcinogen (although a slightly lower cumulative dose of BOP was administered in this study compared with ours). However, the effect of nimesulide was substantially weaker compared with that of NO-ASA: Tumor incidence was reduced by 43% and multiplicity by 39% (27) . In an earlier study, the same group using the same animal model observed a 48% reduction in tumor incidence with phenylbutazone and no significant effect with aspirin (only a tendency toward reduction akin to that observed by us), whereas indomethacin reduced significantly only tumor multiplicity (50% reduction; ref. 4) . In a variation of the hamster tumor model, ethanol and a tobacco carcinogen were given to pregnant hamsters and ibuprofen was administered to the offspring, leading to a 50% reduction in the incidence of pancreatic cancer (29) .
The current histologic classification of pancreatic carcinogenesis, marking the progression of the ductal epithelium from normalcy to malignancy, provides the opportunity to analyze the chemoprevention effect of NO-ASA in detail. In the control group, 66.6% had either carcinoma in situ (PanIN3) or adenocarcinoma. In the NO-ASA group, only 17.7% had these lesions, corresponding to a 73.4% reduction in the combined incidence of these two lesions. Furthermore, in the NO-ASA group, 53.6% of the animals had a lowgrade lesion (PanIN1) and an additional 29.4% an intermediate grade lesion (PanIN2). Thus, NO-ASA essentially blocked the progression of these lesions from a benign stage to a malignant one, its greatest inhibitory effect concerning the transitions from PanIN1B to PanIN2 and from PanIN2 to PanIN3.
Concerning the mechanism of the chemopreventive effect of NO-ASA, our data clearly indicate a multitargeted effect. Pancreatic carcinogenesis was accompanied by a progressive change in cell kinetic variables. The ratio of proliferation/apoptosis that relates the primary (and antithetic) contributors to tissue homeostasis displayed a progressive increase with advancing neoplastic stages. NO-ASA inhibited this ratio significantly, its effect being greatest in the PanIN1B and PanIN2 stages, decreasing substantially in the PanIN3 and adenocarcinoma stages. It is unclear from our data which effect (antiproliferative or proapoptotic), if any, might have Figure 5 . Effect of NO-ASA on NF-nB activation during pancreatic carcinogenesis. A to F, cytoplasmic and nuclear immunohistochemical staining for activated NF-nB (p65 subunit) in ductal epithelial cells from PanIN2 and carcinoma pancreatic tissue samples from hamsters treated with vehicle, ASA, or NO-ASA. NF-nB was scored as in Materials and Methods (expression index), and these values, calculated for each stage of pancreatic neoplasia, are plotted in (G). Columns, mean; bars, SE. Normal ducts expressed no activated NF-nB. The differences between BOP/vehicle and BOP/NO-ASA are statistically significant for PanIN1B (P < 0.0001) and PanIN2 (P < 0.002). Differences between BOP/ ASA and BOP/NO-ASA are statistically significant for PanIN1B (P < 0.0001) and PanIN2 (P < 0.002). The differences between BOP/vehicle and BOP/ASA are not statistically significant (P > 0.38).
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Cancer Res 2006; 66: (8) . April 15, 2006 predominated. These changes parallel the effect of NO-ASA on the neoplastic phenotype as discussed above. Moreover, they are consistent with in vitro findings by several groups, including our own, that NO-ASA inhibits proliferation and induces apoptosis in various cancer cell lines (30) (31) (32) . It is worth noting that the diminution of the kinetic effect in the last two (malignant) stages of pancreatic carcinogenesis is consistent with the pattern displayed by other variables evaluated in this study.
An indirect insight into the mechanism underlying the cell kinetic changes induced by NO-ASA is provided by our study of the expression of p21 WAF1/CIP1 (23) . This Cdk inhibitor is activated by p53 to produce cell cycle arrest in response to DNA damage. p21 WAF1/CIP1 blocks cell cycle progression, both by acting as a general inhibitor of Cdk/cyclin complexes and by inhibiting DNA replication by binding to PCNA, a subunit of DNA polymerase y. Quantitatively, this was the most pronounced inhibitory effect of NO-ASA among all its targets evaluated in this study. and thus contributes to carcinogenesis and (b) its inhibition by NO-ASA contributes to the induction of apoptosis leading to inhibition of carcinogenesis. It is of interest to note that, in other systems, conventional NSAIDs had the opposite effect on p21 WAF1/CIP1 (35, 36) , and this may in part account for the lack of efficacy of ASA in this animal model.
The activation of NF-nB during carcinogenesis is a prominent feature of human pancreatic cancer and is believed to represent a key molecular abnormality (37, 38) . In this animal model, NF-nB activation is quantitatively the most pronounced change. Whether this impressive effect is also functionally consequential and thus contributes to the pathogenesis of cancer cannot be deduced from the present data. However, we have no evidence to the contrary either. NO-ASA showed a significant inhibitory effect on NF-nB activation. This effect was limited to stages where NO-ASA was effective. Of note, NO-ASA inhibits NF-nB activation in colon cancer cells (39) .
A molecular target of chemoprevention that has been studied extensively in the last decade is COX-2. Its overexpression in both animal and human pancreatic cancer has been well documented and several preventive and therapeutic strategies revolving around COX-2 have been devised (26) . Our data showed two important features of COX-2 overexpression during pancreatic carcinogenesis in our animal system. First, there is no detectable expression at its earliest stage, a finding analogous to that observed during colon carcinogenesis (40) . Second, NO-ASA inhibited the expression of COX-2 only during the last two stages. Whether this effect contributed to the cancer chemoprevention effect of NO-ASA cannot be decided based on our data or what is known about the potential role of COX-2 in carcinogenesis (41) .
Thus, it is apparent that NO-ASA exerts effects on multiple molecular targets in the ductal pancreatic cell; perhaps on more than the present study has revealed. These effects, spanning the entire process of carcinogenesis, are most pronounced in its middle stages and culminate in a dramatic reduction of cancer incidence and multiplicity, which is by far the strongest of any compound reported to date. The actual contribution of each of these changes to the chemoprevention effect of NO-ASA remains to be determined. As we have argued elsewhere regarding the mechanism of action of this compound (11) , the choice between mechanistic dominance (one pathway is sufficient for effect) and mechanistic redundancy (effects on multiple pathways are required) is unresolved and our present study underscores this point. That inhibition of NF-nB and p21 WAF1/CIP1 occurs only during the precancerous stages suggests, however, that these two changes may be relevant to the effect of NO-ASA, which is to block the transition to PanIN3 and carcinoma stages. Once the process of carcinogenesis has advanced to these last two (malignant) stages, NO-ASA has no effect on them and this may perhaps be one of the reasons why these neoplasm progress all the way to carcinoma.
Of great interest has been the observation that the long-term administration of NO-ASA was not accompanied by any apparent side effects. Both the changes of body weight gain and the necropsy study of the hamsters failed to reveal signs of toxicity. This is consistent with the general experience with this compound, both in animals and humans (11) . Another interesting finding has been the failure of conventional ASA to influence pancreatic carcinogenesis in this animal model. As already shown, ASA failed to affect any of the molecular targets that we studied and which potentially influence the process of carcinogenesis. This probably accounts for the negative outcome and underscores the fundamental mechanistic differences between ASA and NO-ASA.
In summary, our data indicate that NO-ASA has significant potential for pancreatic cancer prevention; provide a first approximation to its mechanism of action in vivo; and suggest that further detailed study of its role as a chemopreventive agent against pancreatic cancer is warranted.
